INTRODUCTION
Functional connectivity (FC) magnetic resonance imaging (MRI) studies temporal correlations between the blood oxygenation level-dependent (BOLD) signals in different brain regions. These temporal correlations are readily demonstrated in the resting state (i.e., in the absence of an explicit task; Biswal et al., 1995) and are contributed predominantly by low frequency (<0.1 Hz) fluctuations ). Coherent BOLD fluctuations within widely distributed but anatomically discrete networks recapitulate the spatial topography of task-evoked BOLD responses commonly observed with a variety of behavioral paradigms (e.g., somatosensory [Biswal et al., 1995] , language [Hampson et al., 2002] , default [Greicius et al., 2003; Laufs et al., 2003] , and attention [Fox et al., 2005; Laufs et al., 2003] ).
The behavioral significance of BOLD FC is poorly understood (but see Hampson et al. [2006a] , [2006b] for two recent studies). One goal of the current study was to assess the behavioral significance of BOLD FC by measuring the relationship between FC and performance deficits in stroke patients longitudinally. The primary question was whether the degree of disruption in FC correlated with the severity of behavioral deficits at the acute stage and whether this correlation was maintained over the course of recovery.
A second goal of this study was to gain insights into the role of coherent BOLD fluctuations in the pathophysiology of neglect. Neglect is a common syndrome following right hemisphere strokes that includes both a rightward bias in spatial sensory-motor processing as well as several nonlateralized deficits of arousal, attentional capacity, and working memory (for reviews see Heilman et al. [1985] ; Hillis [2006] ; Husain and Rorden [2003] ; Mesulam [1999] ; Robertson [2001] ). Neglect has been traditionally explained in terms of localized damage of specific brain structures (inferior parietal lobule [IPL; Mort et al., 2003; Vallar and Perani, 1987] , superior temporal gyrus [STG; Karnath et al., 2001 Karnath et al., , 2004 , subcortical nuclei [Karnath et al., 2002; Vallar and Perani, 1987] , and the inferior frontal cortex [Husain and Kennard, 1996; Vallar and Perani, 1987] ). The present work fits within a more recent perspective that emphasizes the importance of distributed dysfunction in frontoparietal cortical networks Thiebaut de Schotten et al., 2005) .
We have recently proposed that spatial neglect reflects dysfunction of two frontoparietal networks involved in the control of attention. The dorsal attention network controls the allocation of spatial attention to extrapersonal space and the selection of stimuli and responses predominantly in contralateral space and includes as core regions the intraparietal sulcus (IPS) and the frontal eye field (FEF). The ventral attention network is necessary for target detection and reorienting toward salient unexpected events in either hemifield, is localized predominantly in the right hemisphere, and is centered around the temporoparietal junction (TPJ) and ventral frontal cortex (VFC; for review see ). Strokes that cause neglect often structurally damage the ventral network while sparing the dorsal network Husain and Rorden, 2003; Malhotra et al., 2006a; Milner and McIntosh, 2005) . We have recently demonstrated, using a visuospatial attention task, that such strokes may lead to a functional imbalance of evoked responses in left (hyperactive) and right (hypoactive) dorsal parietal cortex, even though these areas are structurally intact . This imbalance correlates with the degree of contralesional inattention and recovers over time. These observations suggest that structural damage of the ventral network leads to functional impairment of the posterior parietal nodes of the dorsal network.
However, this previous fMRI study of neglect only examined task-evoked responses of individual regions. Inferences regarding network-level interactions were purely qualitative. Because stroke injury to part of a network may result in network dysfunction, direct assessments of functional interactions among brain areas using FC MRI should provide a better understanding of neglect. The dorsal and ventral attention networks were originally defined on the basis of task-evoked responses; more recently, using FC MRI acquired in healthy resting adults, Fox and colleagues (2006) showed that the same two networks emerge from an analysis of coherent spontaneous fluctuations of BOLD signals. Here, we measured interregional functional connectivity in these two attention networks in patients with neglect at both acute and chronic stages after the ictus. Performance measures on a visuospatial attention task were correlated with FC measures across subjects. The obtained results show that disrupted FC in the dorsal and ventral attention networks constitutes a critical mechanism underlying the pathophysiology of neglect.
RESULTS

Overview
To measure interregional FC, it was necessary first to identify regions of interest (ROIs) representing nodes in the dorsal and ventral attention systems. To this end, we reanalyzed data obtained in four previously published fMRI studies of visuospatial attention. Two sets of ROIs were defined and validated by FC mapping using data acquired in young healthy subjects, which showed that fluctuations were coherent within each system and largely independent across systems. Having defined two sets of functionally connected regions involved in attentionrelated functions, we measured interregional FC in patients and age-matched controls and determined whether temporal correlations within fMRI signals correlated with behavioral performance across patients.
Normal Functional Connectivity of Dorsal and Ventral Attention Networks ROIs in the dorsal and ventral attention networks were determined from a meta-analysis of four previously published event-related fMRI studies of young healthy adults in which spatial attention was manipulated using a Posnerlike paradigm (Astafiev et al., 2003; Astafiev et al., 2004; Corbetta et al., 2000; Kincade et al., 2005 ; see Experimental Procedures and see Figure S1 in the Supplemental Data available with this article online). In each experiment the locus of attention was indicated on each trial by a central arrow pointing toward a left or right location on the computer screen. After a variable delay, a target appeared at either the cued location (75% of trials, ''valid trials'') or the opposite location (25% of trials, ''invalid trials''). Subjects were instructed to maintain fixation on a central crosshair and to detect targets as quickly as possible. In different experiments, detection was signaled by a righthand key press, a saccadic eye movement, a pointing hand movement, or object identification. Whole-brain ANOVA was conducted on each of the four studies (activation during cue period for dorsal attention regions, activation 3 validity during the period following target presentation for ventral attention regions) to identify significantly modulated voxels. The Z score maps were combined using a fixed-effects meta-analysis, and ROIs were then identified by an automated peak search algorithm.
Eight ROIs in the dorsal attention network (DAN) were consistently recruited in responses to the cue: bilateral FEF, posterior IPS (pIPS), ventral IPS (vIPS), and middle temporal area (MT + ; Figure 1A , yellow; Table S1 , top).
Several regions in the ventral attention network (VAN) were identified by consistently stronger activation to unexpected rather than expected targets: a precentral sulcus region (PrCe), middle frontal gyrus (MFG), anterior insula, TPJ, and superior temporal sulcus (STS; Figure 1A , orange; Table S1 , bottom). All ventral regions were lateralized to the right hemisphere. To confirm that these regions constitute separate FC networks, interregional temporal correlations of BOLD signals were examined in a data set of young healthy subjects (n = 12) performing the Posner task. Time courses were extracted from all regions in the right hemisphere, and the consistent task-evoked BOLD responses were removed by regression (see Experimental Procedures and Discussion). The interregional correlation matrix then was computed ( Figure S2 ). Correlations between regions in different networks were significantly weaker than correlations between regions within the DAN (p < 0.0001) or within the VAN (p < 0.0003), indicating that the two networks are dissociable. To explore the distributed spatial topography of the correlated activity, seed ROI-driven FC maps were computed on a voxel-wise basis for each of the nine a priori attention regions in the right hemisphere. For each network, FC maps were combined using a conjunction analysis that identified voxels correlated with at least three of four regions in the DAN ( Figure 1B) or four of five regions in the VAN ( Figure 1C ). Although only right hemisphere regions were used as seeds, the FC-defined DAN network was largely bilaterally symmetric. Regions consistently correlated within the DAN included FEF, MT + , and a large swath of cortex extending along IPS into extrastriate visual cortex. Consistent with task-activation studies, the FC-defined VAN network was strongly right lateralized and included the TPJ extending into the inferior parietal lobule, MFG, PrCe, and anterior insula. A small region also was detected in the left supramarginal gyrus (SMG). Interestingly, the largely bilateral DAN included a right-lateralized region in the middle and inferior frontal lobe (see arrow in Figure 1B ), which overlapped with the VAN, suggesting this region may function as a link between networks (see also Fox et al. [2006] ). These two a priori sets of ROIs were then applied to the comparison of FC in patients versus in age-matched controls. Defining the ROIs in a separate group of young adults minimized the possibility of bias in the patient versus control comparison. The selected ROIs were complete in the sense that no other brain region outside the two networks showed robust attention-related BOLD response in patients at either stage ( Figure S1 ).
Patients: Lesion Anatomy and Behavior
We longitudinally studied eleven patients with spatial neglect following right hemisphere stroke (mean age 59, range 42-73, 2 female). Lesions were centered in the IPL, STG, frontal operculum, insula, as well as subcortical nuclei and white matter (Figure 2A ). The distribution of lesions in this group is typical of larger samples (Karnath et al., 2004; Mort et al., 2003) . All ROIs in the DAN were spared by the lesions, whereas ROIs in the VAN were damaged to various degrees. PrCe, MFG, TPJ, STS, and anterior insula were damaged in zero, two, four, three, and three patients, respectively ( Figure 2A) . Patients performed the Posner task both in and out of the scanner at both the acute (30 ± 23 [mean ± SD] days poststroke) and the chronic (40 ± 11 weeks poststroke) stages of recovery. A group of twelve age-matched normal subjects (mean age 57.4, range 41-71, 7 female) were scanned while performing the Posner task in the same way as the patients.
Three types of behavioral deficits in the Posner task were assessed. A visual field (VF)-independent component of neglect was defined as increased misses and slowed reaction times (RT) across both visual fields as compared to controls. A VF-dependent component was defined as more misses and slower RTs in the contralesional than ipsilesional VF. Finally, a ''disengagement deficit,'' common in neglect patients, was defined as specific impairment in detecting targets in the left VF following an invalid cue, as this condition requires disengaging attention from the good VF and reorienting to the bad VF (Friedrich et al., 1998; Morrow and Ratcliff, 1988; Posner et al., 1984) . (B) For each of the four right hemisphere DAN ROIs, group statistical maps were obtained using a random-effects analysis on the Fishertransformed correlation maps and corrected for multiple comparisons at a significance level of p < 0.05 (z = 3, cluster size = 17 voxels). The four FC maps were combined to produce the conjunction map shown. Voxels in yellow are positively correlated with all four ROIs; red, positively correlated with three of four ROIs; green, negatively correlated with three of four ROIs; blue, negatively correlated with all four ROIs. Arrow points to the major right-lateralized region in the DAN, which overlaps with the VAN. (C) FC maps from the five VAN ROIs were used to produce the conjunction map. Color code similar to (B).
The behavioral performance of the patients was compared to age-matched controls using a three-way ANOVA, with group (control or patient), VF (left or right), and cue validity (valid or invalid) as factors ( Figure 2B ). Patients had significantly more misses than controls (VF-independent impairment, acute-F 1,22 = 19.5, p = 0.0002; chronic-F 1,22 = 7.4, p = 0.01), were particularly impaired in the left VF (lateralized impairment [VF 3 group], acutehit rates, F 1,22 = 13.6, p = 0.001; RT, F 1,22 = 17.8, p = 0.0004; chronic-hit rates, F 1,22 = 2.45, p = 0.1; RT, F 1,22 = 15.1, p = 0.0008), and had a significantly greater disengagement deficit ([group 3 VF 3 validity], acute-hit rates, F 1,22 = 3.9, p = 0.06; RT, n.s.; chronic-hit rates, n.s.; RT, F 1,22 = 4.27, p = 0.05).
The improvement of behavioral performance from acute to chronic stage was not significant at the p < 0.05 level using the data from the scanner session, although the trends were in the expected direction ( Figure 2B) . A significant improvement was observed in separate acute and chronic sessions conducted in a regular testing room. Target detection improved overall in both visual fields ([stage] , hit rates, F 1,9 = 5.6, p = 0.04; RT, F 1,10 = 5.3, p = 0.04) and both rightward bias ([stage 3 VF], RT, F 1,10 = 6.4, p < 0.03) and disengagement deficit ([stage 3 VF 3 validity], RT, F 1,10 = 8.3, p = 0.016) were significantly reduced. Therefore, behavioral impairment including VF-independent, VF-dependent, and disengagement deficits recovered significantly over the interval between the acute and chronic sessions.
Functional Connectivity in DAN
We conducted several analyses to determine whether stroke affected basic characteristics of the BOLD signals, specifically, variance and temporal frequency distribution. These observations helped to rule out the possibility that the results presented below were artifact attributable to higher signal variance, more movement or abnormal neural-vascular coupling in patients (see Supplemental Data Note 1 and Figure S3 for methods and results).
We measured functional connectivity in the DAN after consistent task-related responses were removed from the time series (see Experimental Procedures and Discussion) and found a specific breakdown of FC between left and right pIPS. Left-right pIPS FC was reduced in acute patients as compared to age-matched controls ( Figure 3A , p = 0.04, unpaired t test, two-tailed) but fully recovered at the chronic stage ( Figure 3A ; acute versus chronic, p < 0.03; chronic versus control, 0.72 ± 0.22 versus 0.70 ± 0.16). The disruption of interhemispheric FC was restricted to pIPS among the four homologous region pairs in the DAN ( Figure 3C ).
As noted above, we have previously shown an interhemispheric imbalance in task-evoked BOLD responses in dorsal posterior parietal cortex at the acute stage of neglect that recovers over time . This finding was reproduced in the current data set (with two subjects not included in the previous study): the right pIPS was less recruited than left pIPS at the acute stage, but the two sides showed balanced activation at the chronic stage ( Figure 3B ).
Critically, the breakdown of FC in dorsal parietal cortex was behaviorally significant. At the acute stage, there was a strong correlation between the strength of left-right pIPS FC and detection of targets in the left visual field following an invalid cue ( Figure 3D , hit rates, r = 0.846, p = 0.0005; RT, r = À0.593, p = 0.05), such that the lower the interhemispheric FC in dorsal parietal cortex, the more impaired patients were in reorienting attention toward the neglected visual field. This correlation remained highly significant after correction for both lesion size and movement (hit rates, r = 0.699, p < 0.05). The data from the other three trial types (left valid, right valid, right invalid) showed a similar trend that failed to reach significance (Table S2 ). The correlation between behavior and FC was specific to dorsal parietal cortex; no significant correlation with behavioral measures was found for the other three homologous region pairs in the DAN (for correlation with hit rates see Table S2 ).
Given that task-evoked responses are also abnormal in pIPS, an important question concerns whether the impairment of FC makes a difference beyond the abnormal evoked responses. Two analyses suggested that disrupted functional connectivity correlated with poor performance independently of task-evoked responses. First, there was no significant correlation between decreased FC and imbalanced task-evoked responses in pIPS (all p > 0.2, Table S3A ). Second, partial correlation analyses demonstrated that controlling for the degree of abnormal task-evoked responses did not decrease and, in some cases, even slightly increased the FC-performance correlation (Table S3B) .
At the chronic stage, the majority of patients showed improvement in both interhemispheric pIPS FC and performance, but three patients continued to show persistent impairments in both measures, resulting in a significant group correlation between these two measures (hit rates, left VF, valid-r = 0.619, p = 0.04; left VF, invalid-r = 0.587, p = 0.057; right VF, invalid-r = 0.712, p = 0.01). Behavioral relevance remained specific to interhemispheric pIPS FC; neither vIPS, FEF, nor MT FC showed correlation with performance (either hit rates or RTs).
Functional Connectivity in Visual Cortex
Consistent with models of attention that posit feedback interactions from attention-controlling dorsal parietal regions to data-processing visual regions Kastner and Ungerleider, 2000) , an imbalance of task-evoked activity similar to that demonstrated in dorsal parietal cortex has been recorded in visual cortex in patients with left neglect . Accordingly, we measured temporal correlations between left and right visual cortex, using ROIs in retinotopic occipital cortex defined by functional and anatomical criteria (as in Corbetta et al. [2005] ). Interestingly, interhemispheric FC in visual cortex was completely intact (acute versus chronic versus age-matched controls-dorsal retinotopic ROIs, 0.77 ± 0.07 versus 0.77 ± 0.07 versus 0.78 ± 0.07; ventral retinotopic ROIs, 0.74 ± 0.10 versus 0.72 ± 0.16 versus 0.69 ± 0.07). Thus, an interhemispheric imbalance in task-evoked activity was not necessarily accompanied by a breakdown of interhemispheric FC, indicating that abnormal task-evoked activity does not lead to abnormal FC. The observation of intact FC in visual cortex but disrupted FC in dorsal parietal cortex, however, does not contradict the presence of top-down modulation, which might be more dynamic and task-dependent, i.e., manifesting within task-induced responses. Neither taskevoked responses nor FC in visual cortex correlated with behavioral performance, indicating that spatial neglect is less related to the functioning of visual cortex than to parietal cortex.
Functional Connectivity in VAN
The structural integrity of regions in the VAN and, presumably, of their respective anatomical connections, was compromised by stroke to different degrees in different patients. Correspondingly, we found a global impairment of functional connectivity in the ventral network, which did not recover (see Figure 4A for MFG-STS FC, see Figure S4 for all pairwise FC within the VAN).
Behavioral correlations with FC at the acute stage were largely restricted to MFG-STS and MFG-TPJ (Table S2) . MFG-STS FC correlated significantly with hit rates in both visual fields in the valid condition (left VF, r = 0.693, p = 0.016; right VF, r = 0.652, p = 0.027) and in the left visual field, invalid condition (r = 0.775, p = 0.003; Figure 4C ). MFG-TPJ FC correlated with hit rates only in the valid conditions, but again in both visual fields (L VF, r = 0.747, p = 0.006; R VF, r = 0.731, p = 0.008, data not shown). Results after correction for both movement and lesion size are shown in Table S3 .
Interestingly, the task-evoked responses in these areas did show some evidence of recovery (e.g., Figure 4B , p = 0.067), indicating that these regions might have independently partially regained function.
So far we have assessed all pairwise FC between the five a priori ROIs in the VAN. Since the VAN as defined by FC also included a left SMG region (see Figure 1C) , we assessed the FC between this L SMG region and its homologous right hemisphere region (R SMG). (This L SMG region showed a significant validity 3 time effect in the meta-analysis of young adult fMRI [ Figure S1B ] but did not pass the threshold used in the peak-search algorithm and therefore was not included in the a priori set of ROIs.) First, voxel-wise FC maps obtained by seeding the L SMG ( Figure S5A ) and R SMG ( Figure S5B ) confirmed the right hemisphere laterality of the VAN. The interhemispheric SMG FC, as most of other pairwise FC in the VAN ( Figure S4 ), was acutely disrupted and did not recover ( Figure 5A ). Task-evoked responses in SMG were similar to those in pIPS in the sense that an acute imbalance recovered at the chronic stage, although these effects did not reach statistical significance ( Figure 5B ). Interhemispheric FC of the SMG significantly and specifically correlated with disengagement deficit at the acute stage ( Figure 5C , with % miss, p < 0.001, significant after correction for both movement and lesion size [ Table S4 ]; with RT, p = 0.03). In this characteristic the SMG was also similar to the pIPS. Moreover, there was a significant positive correlation between decreased pIPS FC and decreased SMG FC ( Figure 5D ). However, unlike interhemispheric pIPS FC, interhemispheric SMG FC showed no recovery from acute to chronic stages.
Interaction between DAN and VAN
The results presented up to this point indicate that strokes associated with spatial neglect cause an acute disruption of FC between left and right dorsal parietal cortex, persistent breakdown of FC between several regions of the VAN, and robust correlation of disrupted FC with impaired performance in a spatial attention task. Below, we consider whether spatial neglect was associated with a deficit in the interaction between pIPS and the VAN.
First, we found that the physiological impairments in the two networks were highly correlated. Decreased MFG-STS FC ( Figure 6A , r = 0.781, p = 0.003) and decreased interhemispheric SMG FC ( Figure 5D , r = 0.722, p < 0.01) each significantly correlated with decreased interhemispheric pIPS FC at the acute stage. Although this correlation might result from intersubject variability in fMRI signal quality, FC of no other pair of regions within the VAN correlated with left-right pIPS FC, strongly arguing against this possibility. These correlations between pIPS FC and VAN FC were not observed in either the young or old control groups, suggesting this relationship was specific to the pathophysiology in patients.
Second, we investigated the anatomical basis of spatial neglect and its relation to disrupted FC. We divided the patients into two subgroups (each n = 5) based on a median-split of the severity of left sided neglect at the acute stage (calculated as % miss and RT [left-right VF], averaged across valid and invalid trials). The two subgroups significantly differed at the acute stage in leftward neglect (VF 3 group-hit rates, F 1,8 = 20.7, p < 0.002; RT, F 1,8 = 35.1, p = 0.0004) and in overall detection speed across both visual fields (RT, F 1,8 = 8.14, p = 0.02; Figure 7A ). Moreover, consistent with results presented earlier, at the acute stage, interhemispheric pIPS FC (p < 0.04), MFG-STS FC (p < 0.07), and interhemispheric SMG FC (p < 0.01), but not MFG-TPJ FC (p = 0.89), were all lower in patients with more severe neglect ( Figure 7C ). When we contrasted voxel-wise the distributions of anatomical damage in the two groups, we discovered that a region located at the arcuate fasciculus (AF) and the superior longitudinal fasciculus (SLF) was damaged in all patients with more severe neglect but was spared in all patients with milder neglect ( Figure 7B ). The AF connects middle frontal areas with superior temporal areas (Petrides and Pandya, 2002) , providing a possible structural basis for the disruption of MFG-STS FC. Since part of MFG is temporally correlated with both networks (Figure 6B) , interruption of the MFG-STS connectivity might also affect communication between the VAN and pIPS. The SLF connects both the superior and inferior parietal lobules with dorsolateral prefrontal cortex (Schmahmann and Pandya, 2006) , providing a plausible structural basis for the disruption of frontoparietal FC in the VAN. More importantly, disrupted SLF may also damage the communication between ventral frontal component of the VAN and posterior parietal component of the DAN. Supporting this hypothesis, FC between MFG and pIPS was strongly disrupted and did not recover ( Figure S4 ).
Finally, results from a single case not included in the previous analyses indicated that disrupted interhemispheric pIPS FC alone does not lead to severe neglect. This patient (age 36) suffered a right dorsal medial parietal lesion that extended into the corpus callosum and presumably partially damaged the fibers connecting left and right posterior parietal cortices ( Figure 8A ). As might be predicted, interhemispheric FC in pIPS was 2.8 standard deviations (SD) lower than the mean of the whole group at the acute stage (1.5 SD lower at chronic stage; Figure 8B , left). However, this patient had a very mild VF bias ( Figure 8B , middle and right, $1 SD below the mean of the patient group and not significantly different from controls). Therefore, our data suggest that decreased pIPS interhemispheric BOLD FC alone is not sufficient to cause severe neglect. In other words, it appears that the severity of left neglect robustly correlates with decreased interhemispheric pIPS FC only in the presence of a damaged VAN. This clinical case, together with similar previous observations (e.g., Quigley et al. [2003] ), supports a view that corticocortical connections provide a structural basis of BOLD functional connectivity.
DISCUSSION
We have demonstrated the behavioral significance of BOLD functional connectivity by showing an across-subject correlation of disrupted FC and the severity of spatial neglect. The results also suggest that disrupted functional connectivity in the two attention networks underlies different components of the syndrome and yet correlate with each other. These findings emphasize a network view of neglect and, more generally, stroke. Below, we discuss how these results enhance our understanding of the neural basis of spatial neglect and support the use of FC MRI as a clinical tool.
Understanding Spatial Neglect with Connectivity in Mind
We have proposed that it is the conjunction of structural and functional damage to the ventral and dorsal frontoparietal attention networks that causes neglect. This view explains why neglect patients usually show both spatially lateralized (i.e., neglect of contralesional space) and nonlateralized (i.e., low arousal, impaired working memory, lower attentional capacity) deficits. Previous studies in healthy subjects indicate that the dorsal network mediates control of spatial attention with a contralateral bias (Corbetta et (Pardo et al., 1991; Rueckert and Grafman, 1996; Wilkins et al., 1987) , saliency detection (Downar et al., 2000; Serences et al., 2004) , and reorienting of attention (Arrington et al., 2000; Corbetta et al., 2000; Macaluso et al., 2002) . According to this account, structural damage to the right hemisphere ventral regions, which is the most commonly lesioned area in spatial neglect, causes nonlateralized deficits directly and lateralized deficits indirectly, through distant effects on the dorsal parietal cortex that induce functional abnormalities therein. This general framework is well supported by the current results. The pIPS was the only region in the dorsal network showing (at the acute stage) both a breakdown of interhemispheric FC and an imbalance (left > right) of taskevoked responses. Critically, both abnormalities were associated with impaired behavioral performance, especially detection and reorienting in the left VF, and both abnormalities recovered completely at the chronic stage. The pIPS region normally is recruited by allocation of attention covertly or overtly (Corbetta et al., 1998) , is adjacent to regions involved in planning arm movements (Astafiev et al., 2003) , and contains a complete representation of the contralateral visual field (Schluppeck et al., 2005; Silver et al., 2005) . It is therefore well positioned to mediate spatially lateralized deficits of neglect that typically involve attention, perception, and responding. Consistently, interhemispheric pIPS FC most strongly correlated with the disengagement deficit, which reflects the lateralized component of neglect (i.e., left hemi-inattention).
In the VAN, significant correlations between MFG-TPJ FC and behavioral deficits were the same in both visual fields, consistent with the hypothesized contribution of the VAN to the nonlateralized component of neglect. Interestingly, MFG-STS FC showed a similar, albeit weaker, behavioral correlation pattern as interhemispheric pIPS FC, suggesting that TPJ and STS, although both part of the ventral network, may have distinct attentional functions. Another interesting result was that the degree of interhemispheric SMG FC closely correlated with the disengagement deficit in the left visual field, a correlation similar to that observed for left/right pIPS. This result may suggest that, at the acute stage, successful reorienting to unattended targets requires interhemispheric coordination between ventral parietal areas involved in detecting unattended targets (Astafiev et al., 2006; Corbetta et al., 2000; Macaluso et al., 2002) and dorsal parietal areas involved in shifts of attention. However, at the chronic stage, an improvement in the disengagement deficit was accompanied with a recovery of interhemispheric FC in dorsal parietal but not ventral parietal cortex.
While these results suggest some dissociation of the neural systems underlying lateralized and nonlateralized deficits, to the extent that greater VAN damage causes greater disruption in pIPS FC, lateralized and nonlateralized deficits should be correlated. Indeed, multiple studies have indicated an interaction between these two components of neglect (Robertson, 2001; Robertson et al., 1998) , consistent with the strong correlation between lateralized (e.g., difference between left and right VFs) and nonlateralized (e.g., averaged across VFs) behavioral deficits observed here (RT, r = 0.68, p = 0.01). Clinical interventions that enhance nonspatial vigilance improve leftward spatial neglect (Malhotra et al., 2006b; Robertson et al., 1995 Robertson et al., , 1998 , again suggesting a functional interaction between ventral and dorsal attention networks.
What is the functional-anatomical locus of this interaction? The close association between ventral structural damage and pIPS functional abnormalities suggests that pIPS is the major component of the dorsal network receiving input from the ventral network. Several converging results suggest that this input might come from right MFG. First, in the intact brain, right MFG shows BOLD signal temporal correlations with both VAN and DAN ( Figure 6B ), suggesting it may function as a node shared between the two networks. Second, MFG-pIPS FC was as strong as within-VAN FC in elderly controls but was severely and persistently disrupted in patients. In concert, the median-split lesion analyses indicated that patients with more severe spatial neglect sustained damage of the SLF, which connects dorsolateral prefrontal cortex to superior and inferior parietal lobules, providing a plausible structural basis for the disruption of MFG-pIPS FC and MFG-TPJ FC. Third, disrupted FC between left and right dorsal parietal cortex was positively correlated with disrupted FC between STS and MFG. Fourth, behaviorally significant FC within the right hemisphere ventral network almost always involved the MFG. More speculatively, there is evidence that stimulation of a tract that could plausibly connect MFG to the posterior parietal cortex produces neglect-like symptoms (Thiebaut de Schotten et al., 2005) . Furthermore, lesions causing neglect in both monkeys and humans tend to involve intrahemispheric white matter long-range tracts bidirectionally connecting parietal and frontal cortices (Gaffan and Hornak, 1997; Bartolomeo et al., 2007) .
Slightly complicating this picture, recovery of pIPS FC and task-evoked responses depended neither on the recovery of FC in the ventral network nor on the recovery of FC between MFG and pIPS. Speculatively, recovery of dorsal parietal cortex function, paralleling behavioral recovery, may reflect a stronger volitional control of the locus of spatial attention that results from the clinical rehabilitation and treatment of neglect patients (Diller and Weinberg, 1977) .
Lastly, we revisit the long-standing puzzle that neglect is more frequent, severe, and enduring following right than left hemisphere lesions. Traditionally, theories of neglect have proposed that the lateralization of neglect reflects an asymmetrical representation of space in the two hemispheres (Heilman and Van Den Abell, 1980; Hillis, 2006; Mesulam, 1999 ). In the current view, spatial representations are contained in the DAN, which is bilaterally symmetric. It is the VAN, which encodes nonspatial functions, that is strongly lateralized to the right hemisphere, as suggested by task-activation (summarized in ) and FC and the present results) studies. Even when a left SMG region was selected as seed ROI, we found a lateralization to the right hemisphere of the ventral frontoparietal FC ( Figure S5 ). Therefore, right hemisphere strokes are more likely to damage the VAN, and through its connections with the DAN via intrahemispheric white matter tracts, more likely to cause a significant functional imbalance in posterior parietal cortex that will secondarily cause a rightward bias with left field detection deficits. Furthermore, nonspatial functions mediated by the VAN will be more permanently damaged after a right hemisphere stroke. Our model suggests that the right lateralization of strokes causing neglect reflects primarily a lateralization of nonspatial functions rather than spatial functions, which when disrupted also produce asymmetrical deficits in spatial functions.
Dissociation of FC and Task-Activation Measures
Our data suggest that abnormal task-evoked responses and functional connectivity represent different and complementary physiological indicators of dysfunction. Table  S3 shows that the correlations between FC and performance were independent of task-evoked responses. Moreover, impairments in these two measurements could occur independently: imbalanced interhemispheric taskevoked responses occurred in the presence (e.g., pIPS) or absence (e.g., visual cortex) of disrupted FC; recovery of task-evoked responses in two regions was accompanied (e.g., left-right pIPS) or not accompanied (e.g., MFG-STS) by recovery of functional connectivity. At this stage, we note that a thorough understanding of these dissociations will need further experimental work.
FC MRI of Resting-State Data versus Task-State Data
It is important to note that our FC analyses were conducted on fMRI data that were acquired while subjects performed an event-related attention task rather than at rest, but with the deterministic (i.e., consistent) taskevoked effects removed. For a detailed discussion on the potential difference between FC results using the current method and those using resting-state data see Supplemental Data Note 3.
Functional Connectivity versus Anatomical Connectivity
The current work is also relevant to understanding the relation of functional connectivity to anatomical connectivity. BOLD functional connectivity produces networks with spatial patterns similar to those of anatomical connectivity (for discussion, see Vincent et al. [2006] ), i.e., coherent BOLD relationships appear to depend on anatomical connectivity. However, functional connectivity between regions can be disrupted in the absence of anatomical damage to those regions or their connections (e.g., interhemispheric pIPS FC in all the 11 patients), suggesting that anatomical connectivity may be necessary but not sufficient for normal functional connectivity; excitatory/inhibitory neuronal inputs from other regions are also needed.
FC MRI as a Tool for Studying Patient Populations
FC MRI is a promising new tool for the investigation of brain-behavior relationships in patient populations. It makes no demands on the subject other than holding still and possibly maintaining fixation and therefore can be acquired even in patients that cannot perform a task (for some examples of resting-state FC studies in patients, see Greicius et al., [2004] ; Lowe et al. [2002] ; Quigley et al. [2001] ; Waites et al. [2006] ); for a study using similar approach as the current study see Whalley et al. [2005] ). This significantly widens the range of patients that can participate in functional brain-imaging protocols. Moreover, FC measures are less confounded by differences in task performance between patient and control groups or between patient groups at different stages of recovery, as compared to conventional task-activation measures. This is particularly true for resting-state FC MRI. Finally, FC MRI is robust and reliable in individual subjects after relatively short (5-15 min) scanning sessions and is therefore suitable to clinical applications.
Previous studies of FC in patient populations have usually described group differences in the spatial pattern or strength of FC between patients and controls. Our study, which shows that across subjects the disruption of FC indexes the severity of impaired performance, (see Hampson et al. [2006a Hampson et al. [ , 2006b ) for similar correlations in healthy subjects), provides stronger evidence that intact BOLD FC is critical for normal brain function.
EXPERIMENTAL PROCEDURES
Subjects
Eleven patients (two female), mean age 59 years, with right frontoparietal stroke and initially demonstrated neglect participated in the study. All provided informed consent according to procedures established by the Washington University Institutional Review Board. All patients underwent standard rehabilitation for at least 3 months after the stroke. Patients were tested twice: once in the acute stage, i.e., $4 weeks (mean 30 days) after the stroke, and once at the chronic stage, i.e., more than 6 months (mean 40 weeks) after the ictus. Inclusion criteria were as follows: (1) age 18 or greater, no upper age limit applied; (2) single right hemisphere lesion, ischemic or hemorrhagic; (3) clinical evidence of neglect on clinical screening; (4) awake, alert, and capable of understanding and participating in research; (5) able to tolerate the scanner environment for 2 hr within the first 4 weeks after the stroke. Exclusion criteria were as follows: (1) evidence by CT or MRI of other strokes, although up to two lacunes were allowed in the subcortical white matter; (2) inability to maintain wakefulness; (3) presence of other neurological, psychiatric, or medical conditions precluding active participation in research or altering the interpretation of behavioral/imaging studies (e.g., dementia, schizophrenia), or limited life expectancy to less than 1 year (e.g., cancer or congestive heart failure class IV); (4) carotid stenosis greater than 50% by Doppler studies or angiogram (as the BOLD response in the hemisphere ipsilateral to a carotid stenosis may not reliably track neuronal activity); (5) claustrophobia.
Twelve young (six female; age 18-38 years) and twelve older (seven female; mean age 57.4, range 41-71) healthy subjects were recruited from the Washington University community to serve as control subjects. All control subjects were right-handed and had no neurological history. All gave informed consent following guidelines set by the WU Institutional Research Board and were compensated for their time.
Apparatus and Stimuli
Stimuli were generated by an Apple Power Macintosh computer and projected onto a screen at the head of the magnet bore by a Sharp LCD projector. Participants viewed the stimuli through a mirror attached to the head coil. Stimuli were white on a black background.
Task
The Posner task was implemented as follows in patients and elderly controls: the display contained two boxes (unfilled squares) each 1 on a side, centered 3.3 to the right and to the left of the central fixation point. Each trial started with the fixation point changing color from red to green. After 800 ms, an arrow cue pointing left or right was presented at the fixation locus for 2360 ms. Following a delay ranging from 1500 to 3000 ms, an asterisk target was presented for 100 ms in one of the two boxes. Left and right targets were equally probable. On 75% of the trials, the target was presented at the location indicated by the cue (valid), while on 25% of the trials, it was presented at the opposite location (invalid). The subject indicated target detection as quickly as possible with a right hand key press. Reactions times (RTs) were measured in milliseconds from the appearance of the target to the key press. The next trial began after an intertrial interval (ITI) that was randomized between 4760 and 9440 ms. The standard session involved eight fMRI runs of 5 min each, where each run contained about 20 trials. At the acute stage, we obtained between 6 and 12 fMRI runs (mean = 8.9) per subject. At the chronic stage, the number of fMRI runs ranged from 7 to 12 (mean = 9.6). Eight fMRI runs were obtained in each elderly control subject. The Posner task procedure for young controls differed slightly: (1) 20% of trials ended immediately after the cue; in another 20% of trials, the cue was followed by a test period lasting 4.72 s in which no target was presented; (2) the cue-target interval varied between 3860 and 5360 ms; (3) the ITI lasted for two, three, or four frames. The number of fMRI runs ranged from 11 to 16 (mean 15.1).
fMRI Scan Acquisition Scanning was performed with a Siemens 1.5 T Vision MRI scanner. Functional data were acquired using an asymmetric spin-echo, echoplanar imaging sequence sensitive to BOLD contrast (TE = 37 ms, TR = 2.36 s, flip angle = 90
; 16 contiguous 8 mm slices with 3.75 3 3.75mm
in-plane resolution). The functional data slice tilts and field of view were prescribed parallel to the AC-PC plane on the basis of a short (<2 min) prefunctional coarse MP-RAGE scan. Each fMRI run included 128 frames (volumes). Compensation for asynchronous (interleaved) slice acquisition was accomplished by sinc interpolation. The functional data were realigned within and across fMRI runs to correct for head motion. Each fMRI run was intensity scaled to yield a whole-brain mode value of 1000 (not counting the first four frames). Anatomical images were acquired using a sagittal MP-RAGE sequence (TR = 97 ms, TE = 4 ms, flip angle = 12 , inversion time = 300 ms). For each subject, an atlas transformation to the atlas representative template was computed on the basis of an average of the first frame of each fMRI run and MP-RAGE structural images. Our template was produced by mutual coregistration of images obtained in 12 normal subjects and represents the Talairach coordinate system (Talairach and Tournoux, 1988) . Each fMRI scan was interpolated to 3 mm cubic voxels in atlas space. Time series were combined within each session, and eventrelated responses were extracted using the general linear model, making no assumptions regarding the hemodynamic response shape. Regional time courses were extracted by averaging within the regions. Magnitudes were computed as the inner product of the time courses with a canonical hemodynamic response function of the g type (Boynton et al., 1996) .
Anatomical Imaging and Lesion Segmentation
Multiple anatomical images were acquired using a sagittal T1-weighted MP-RAGE sequence (TR = 97 ms, TE = 4 ms, flip angle = 12 , inversion time = 300 ms, 1 3 1 3 1.25 mm voxels) and a T2-weighted fast spin echo sequence. All anatomical data acquired in each subject were spatially mutually coregistered and resampled in atlas space to 1 mm 3 voxels. Atlas registration error attributable to the presence of a lesion was measured by computing the transformation with and without excluding the lesion and determined to be less than 2 mm for the largest lesion in this group of patients. The coregistered MP-RAGE images were averaged to increase the contrast to noise ratio. Artifactual intensity in homogeneity was corrected using a 3D parabolic (ten free parameters) model of the gain field. Lesion boundaries were determined with the aid of an unsupervised bispectral (T1-weighted plus T2-weighted) fuzzy class means (FCM) procedure that classified voxels into one of four categories: air, cerebrospinal fluid (CSF), gray matter, and white matter. Expert judgment was required to correctly segment the lesion on the basis of the automatic classification, e.g., to distinguish CSF representing a cystic lesion versus lateral ventricle.
Functional Connectivity Analyses Additional Preprocessing
In preparation for FC analysis, the BOLD volumetric time series were passed through several additional preprocessing steps: (1) spatial smoothing using a 6 mm full width at half maximum Gaussian blur; (2) temporal filtering retaining frequencies in the 0.009-0.08 Hz band; (3) removal by regression of several sources of variance unlikely to reflect spatially-specific functional correlations-(i) six parameters obtained by correction of head motion, (ii) the signal averaged over the whole brain (excluding the ventricles and, in patients, the stroke lesion), (iii) the signal from a ventricular region, (iv) the signal from a white matter region. Temporal derivatives of these regressors were included in the linear model, thereby accounting for the time-shifted versions of spurious variance (e.g., delayed whole brain BOLD signal in venous structures). Deterministic task-evoked response components were removed by including, for each distinct trial type (left-valid, left-invalid, right-valid, right-invalid) , eight regressors corresponding to frames 0 through 7 following the trial onset (cue presentation; for an evaluation of the efficacy of this maneuver see Supplemental Data Note 2). Trials of varying cue-target interval were lumped together as the difference between the shortest and longest interval (1.5 s) was less than one frame TR (2.36 s). The total number of regressors used to remove spurious sources of variance as well as deterministic responses thus was 2*(6 + 1 + 1 + 1) + 4*8 = 50, the first factor of 2 corresponding to inclusion of temporally differenced as well unmodified waveforms. The present regression strategy was accomplished in one step, which differs modestly from the previously described serial regression strategy (Fox et al., 2005) .
Construction of Regions of Interest
ROI for functional connectivity analyses were determined from a metaanalysis of four previously published event-related fMRI studies of young adults performing the Posner task (Astafiev et al., 2003 (Astafiev et al., , 2004 Corbetta et al., 2000; Kincade et al., 2005) . For each study, responses to the cue were identified by a whole-brain voxel-wise ANOVA using MR frame as factor. The resulting F score maps were converted to equally probable Z scores that were then combined using a fixedeffects analysis and the resulting map then subjected to automatic peak search. Peaks closer than 10 mm were consolidated by algebraically averaging their coordinates. ROI were defined around peaks by thresholding the map at thresholds chosen to yield regions of approximately constant volume. Eight ROIs were selected on the basis of a priori knowledge as representing the dorsal attention network (DAN). Five regions representing the ventral attention network ( VAN) were similarly defined on the basis of differential responses to the target following invalid versus valid cues (MR frame 3 cue validity interaction effect). All ROIs are listed in Table S1 .
FC MRI Correlation Analysis
The first step in all FC analyses was to extract BOLD time courses from each ROI (defined as described above) by averaging over voxels within each region. To compute FC maps corresponding to a selected seed ROI, the regional time course was correlated against all other voxels within the brain as originally described by Biswal et al. (1995) . The present main results (regional FC) were obtained by computing Pearson correlation coefficients (r) for region pairs. Statistical tests on regional FC results were computed after application of Fisher's z transform (z = 0.5ln((1 + r)/(1 À r))), which yields variates that are approximately normally distributed (Zar, 1996) .
Diffusion Tractography Imaging (DTI) DTI data was acquired on six subjects in 48 directions, 2.5 mm cubic resolution, b = 800 s/mm 2 , with five averages and was analyzed similar to Shimony et al. (2006) . The images were realigned across encodings and data sets to correct for electronic shift and head movement. Fullbrain streamline tractography was performed on all subjects after placing starting seed points on 1 mm resolution grid. The SLF tracks were filtered by selecting tracks that passed through both a large region in the deep white matter of the posterior frontal lobe and through the deep white matter of the parietal lobe. The AF tracks were selected to pass through the same region in the posterior frontal and a region in the deep white matter of the temporal lobe. A consensus volume was created from the tracks in all six subjects, which was then surface rendered for display. For the probabilistic tracking, the data were analyzed using Bayesian probability theory (Behrens et al., 2003) . The lesion spot in Figure 7B (red) was transformed to each subject's individual space and used as a seed region for probabilistic tracking. Probability in each voxel was normalized to the voxel with highest connectivity. These results were then transformed to atlas space and averaged across subjects. For display purposes, voxels with probabilities above 5% or 10% were colored with two shades of blue, and they follow the expected location of the SLF and AF.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/53/6/905/DC1/.
